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Sensitivity of resonant sensors and actuators based on a single element of micro or nanobeam can be improved by increasing the resonance frequency and quality factor of the system. [1] [2] [3] [4] [5] However, due to the process of increasing quality factor, the frequency bandwidth of the device reduces as it is inversely proportional to the quality factor. Consequently, recent studies reveal that micro-or nanoelectromechanical system (MEMS/NEMS) based array has been used to increase the frequency bandwidth using various frequency tuning mechanisms without any major shift in its sensitivity. [6] [7] [8] [9] [10] Afterwards, there were several theoretical studies concerning the coupled behavior of array dynamics. 9, 11 Krylov et al. 9 discussed the coupling of out-of-plane modes in a cantilever array under parametric excitation due to electrostatic fringing forces. Thijssen et al. 10 demonstrated the driven parametric amplification of in-plane motion of an array of nanobeams with varying width excited due to photothermal effects. All the above studies are either limited to an in-plane mode or an out-of-plane mode. In this letter, we discuss about the frequency tuning and coupling of in-plane and out-of-plane modes of fixed-fixed beam arrays as shown in Fig. 1 due to DC bias under the electrostatic direct as well as fringing field effects. Additionally, we separate the frequencies of beams by varying the initial tension of the beams due to photothermal effects. Finally, we present a theoretical model to analyse the effect of different frequency tuning parameters such as the air-gap thickness between the beams, the fringing field effects, etc.
To demonstrate the frequency tuning of two mechanical modes due to DC bias of a single beam and a multibeam array, we fabricate a single clamped-clamped beam separated by two side electrodes, and also an array of three beams, 33 beams (not shown), and 40 beams, as shown in Figs. 1(a)-1(c). All the beams are made of AuPd alloy on a silicon substrate using the bulk micromachining process. 3, 7 The fabricated beams are of the same dimensions with length L ¼ 500 lm, width B ¼ 4 lm, and height H ¼ 200 nm. Each beam is separated from its adjacent neighbors by different gaps ranging from 1 lm to 7 lm and also from the bottom substrate by a gap of d ¼ 500 lm.
To experimentally characterize the system of single as well as an array of multibeams, we use a laser based detection technique 3 as shown in Fig. 1(d) . To obtain the variation of two mechanical modes (corresponding to in-plane and out-of-plane) of a single beam in its linear range, we apply a combined signal of DC and AC voltage to the beam and ground the side electrodes and bottom electrode, respectively. To measure the response, we use a laser power of 15.9 mW. On increasing the DC voltage from 0 to 90 V and keeping low AC voltage (1-40 mV) to get the linear response, we find that the frequency corresponding to an inplane mode decreases due to the well-known electrostatic softening effect 3, 7 and that an out-of-plane frequency increases due to the stretching of the beam in the in-plane direction, 3 as shown in Fig. 2(a) . Consequently, we obtain a crossing point of equal in-plane and out-of-plane frequencies at a DC voltage of 81 V. To investigate the effect of laser heating on the value of the frequency at crossing point F s corresponding to DC voltage V s , and the frequencies of two mechanical modes, F 1 and F 2 , at zero DC voltage, we vary laser power, L p , from 0.06 to 20 mW. We found that as L p varies from 0.06 to 20 mW, the frequencies F 1 and F 2 reduce individually. However, we noticed that the difference DF ¼ F 2 -F 1 increases from 7.5 kHz to 7.8 kHz due to heating. We also found that the crossing point lowers from 90 V to 80 V as laser power varies from 0.06 to 20 mW. Such Unlike the single beam, we also observe frequency crossings between the modes of adjacent beams and those of non-adjacent beams. Here, the latter frequency crossing is defined as a point when the two crossing modes do not show any coupling. Such points are observed when the modal frequencies of non-adjacent beams coincide with each other. We also noticed that the coupling strength of the modes of side beams is very low as compared to that of the middle beam, probably due to a non-uniform gap between the middle beam and the two side beams.
Finally, we perform experiments with arrays of 33 and 40 beams, respectively, by locating the optical fiber with fixed laser power at the middle of each array. Consequently, we find that the frequencies of two mechanical modes of each beam corresponding to zero DC voltage are distributed over 5 kHz due to non-uniform heating of To demonstrate the influence of side electrodes on the coupling region, we develop a theoretical model for an array of N clamped-clamped beams having length L, width B, and thickness H, as shown in Fig. 3(a) , where E 1 and E 2 are two fixed side electrodes, and E g is the fixed bottom electrode. The beams are separated from their neighboring beams by different gaps g 0 , g 1 , g 2 ,…, g N and also from the bottom electrode by a distance d. To develop a consistent dynamical model, let us consider n th beam separated from (n À 1) th and (n þ 1) th beams by the gaps g nÀ1 and g nþ1 and also from the bottom electrode by a distance d as shown in Fig. 3(b) , where y n and z n are the deflections in the in-plane and out-of-plane directions, respectively. It is also assumed that the in-plane and transverse oscillations of the beam are achieved under the influence of direct and fringing field forces 12 which are captured by Q ny and Q nz , as shown in Fig. 3(c) . Finally, the governing equations of motion in the y and z directions of n th beam, including the residual tension and mid-plane stretching, 5 can be written as
where 0 and _ represent differentiation w.r.t.
x and t, respectively, n ¼ 1, 2,…, N. N n0 is the initial tension induced due to residual stresses 5 and heating, 3 etc., EI y and EI z are the flexural rigidity components of y and z, respectively, and I y ¼ BH 3 =12 and I z ¼ HB 3 =12 are moments of inertia. E is the Young's modulus, and q is the material density. The expressions for electrostatic forcing Q ny and Q nz per unit length of n th beam along y and z directions include the effect of direct and fringing field 9,12,13 based on numerical simulation in COMSOL multiphysics software as described in the supplementary information. 14 In the forcing expression of Q ny and Q nz , we also define k 1 to capture the net effect of fringing and direct fields in y-direction, k 2 to capture the fringing field effects due to extended bottom electrode, 13 and k 3 to capture the effectiveness of parametric fringing field effect due to side beams when the beam is subjected to a deflection of zðtÞ, 12 V i,j ¼ V i À V j is the difference in the DC voltage applied between i th and j th elements. To obtain the modal dynamic equations, we approximate the displacements by the single mode shape, which satisfies the undamped and unforced linear boundary-value problem exactly. The total displacement along y and z-directions consist of the static displacements due to DC voltage and dynamic displacement due to AC voltage. 15 After substituting the assumed solution and then applying Galerkin's method, the modal dynamic equation corresponding to an in-plane mode, i, and an 5 where P is the state variables given by ½P ¼ ½P 11 P 12 … P k1 P k2 … P N1 P N2
T and M, respectively. The matrix M contains terms for uncoupled modal frequencies of N beams corresponding to i and o modes, respectively. It also contains modal coupling of the frequencies of adjacent beams. Finally, the frequencies corresponding to the modes of each beam of an array can be found by taking the square root of the eigenvalues of matrix [M] . Consequently, for N beams, there are 2N modes. The frequencies of 2N modes of an array of N beams can be tuned using different initial tension N 0 and DC bias V. A detailed derivation of the reduced-order form and definition of related terms are found in the supplementary information. Figure 4(a) shows the comparison of analytical and experimental results with the frequency crossing depicted in Fig. 2(a) . We found that when the gaps between the beam and the side electrodes/fixed beams are the same, the frequency crossing disappears. We also noticed that the frequency crossing can be tuned by parametric fringing forces from the side electrodes in z-direction. While the fringing forces from the bottom electrode (located at around 500 lm) plays a little role in controlling the out-of-plane response, the effect of direct forces is found to be insignificant. Similarly, we compute the frequency tuning in an array of three beams, 33 beams, and 40 beams, respectively. For the three beam array, we take N ¼ 3 in which three in-plane and out-of-plane modes can be tuned with initial tension, gap thickness, fringing forces, etc. On comparing the results with experiments, we obtain the physical parameters as E ¼ 3. modes. 18 Additionally, we found that by varying the initial tensions of different beams, we can significantly increase the bandwidth of a multibeam array system.
In conclusion, we have performed a combined experimental and theoretical investigation to show that the frequency tuning of DC biased single beam and arrays of multiple beams due to various parameters such as initial tension, air-gap thickness, and fringing field effects. We have also shown that the inter-and intramodal coupling can be controlled by the air-gap thickness as well as fringing field effects. Possible discrepancies between linear theory and the array experiments can be explained by effects of nonlinearities such as resonance frequency dependence on the response amplitude 11 and nonlinear damping 19 neglected in this study.
